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© Optical probing method and apparatus. 



© An integrated circuit device (11) is tested by 
directing a laser beam (19) onto an electrochromic 
member (17) in close proximity to a conductor (13) 
of the integrated circuit. Reflected laser light is di- 
rected to a detector (21) which converts it to an 



electrical signal for display by a lock-in amplifier 
(25). The display characterizes the voltage on the 
conductor (17) and thereby permits diagnosis of the 
operation of the integrated circuit (11). 
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Technical Field 

This invention relates to techniques for diag- 
nosing and testing integrated circuits and, more 
particularly, to non-invasive testing techniques us- 
ing a laser beam. 



tronic device through free space. It would be desir- 
able to reduce the complexity of laser beam probe 
apparatus, and considerable work to that end has 
been done and is being done in the industry; it 
would also be desirable to use an optical fiber for 
laser beam transmission. 



Background of the Invention 

A cqmmon method for testing semiconductor 
integrated circuit chips is to contact a conductor on 
the chip | with a conductive probe so that the volt- 
age on the conductor can be measured. The probe 
itself, however, inevitably affects the circuit since it 
constitutes an electrical load on it. As microelec- 
tronic circuit densities increase, the deleterious ef- 
fects of electrical loading also increase; also, it 
becomes more difficult to make a reliable contact 
to the conductor with the probe. 

The U.S. patent of Bloom et al. t No. 4,681 ,449. 
granted July 21, 1987, and the paper, "One Hun- 
dred GHz On-Wafer S-Parameter Measurements 
by Electrooptic Sampling," by R. Majidi-Ahy et al., 
1989 IEEE MTT-S Digest, pp. 229-301, are exam- 
ples of the literature describing the use of optical 
probing for making integrated circuit tests. Optical 
probing relies on the proximity to the conductor 
under test of a member which displays the Poc- 
kers effect; electric fields extending into such a 
material are capable of modulating the polarization 
of a laser beam propagating through it. By direct- 
ing a polarized laser beam through the Pockers 
effect member and analyzing the polarization mod- 
ulations of the exiting laser beam, one can char- 
acterize the voltage on the conductor and thereby 
test, or diagnose, the operation of the semiconduc- 
tor chip. This technique is sometimes described as 
"non-invasive" since it avoids both loading and the 
possibility of damage due to physical contact; it is 
particularly applicable to group lll-V semiconductor 
chips such as gallium arsenide, which inherently 
display the Pockers effect. The laser probe beam 
is typically directed through the gallium arsenide 
and reflected back upon itself by a metal conduc- 
tor, although, alternatively, the laser beam could be 
directed through the Pockers effect material with- 
out being reflected. 

Because the Pockers effect medium modulates 
the polarization of the laser beam, the beam must 
initially be polarized. After it has been modulated, 
the polarization modulations of the beam must typi- 
cally be converted to intensity modulations, which 
can then be converted by a photodetector to elec- 
trical signal modulations. The polarized light cannot 
be transmitted by an optical fiber because the fiber 
affects its polarization in ways that vary with time, 
temperature and stress due to bending; conse- 
quently, the laser beam is transmitted to the elec- 



Summary of the Invention 

io We have found that many benefits can be 

obtained by using an electrochromic member, rath- 
er than Pockel's effect member, in close proximity 
to a conductor being tested by o laser probing. An 
electrochromic material is one having an optical 

15 absorption coefficient that changes in response to 
an applied electric field. We have found that elec- 
tric fields from the conductor extending through an 
electrochromic material can be used to in tensity 
modulate a laser beam directed through the ma- 

20 terial. It is not necessary to polarize the laser beam 
prior to probing, and the intensity modulated laser 
beam exiting the electrochromic material can be 
transmitted directly to the photodetector. 

Advantageously, an electrochromic medium 

25 can be made by dispersing an optically non-linear 
dye in a polymer. A polymer containing the opti- 
cally non-linear dye in solution can be spun onto 
the surface of a semiconductor wafer in the same 
manner that other fluids are distributed on wafer 

30 surfaces. When the solvent evaporates, the dye- 
containing polymer is bonded to conductors on the 
surface of the wafer and can be used effectively to 
modulate a laser beam reflected from the coated 
conductor. This may be particularly applicable to 

35 testing silicon circuits, which are not as amenable 
to prior art laser probing as are lll-V semiconduc- 
tors since silicon does not display the Pockel's 
effect. 

In another embodiment, the electrochromic 

40 polymer is placed on the tip of an optical fiber. The 
fiber is then contacted to a conductor of the device 
under test. Laser light is transmitted through the 
optical fiber, is reflected back into the optical fiber 
by the conductor of the device, and the reflected 

45 laser light is removed from the optical fiber for 
conversion to an electrical signal. Unlike a conduc- 
tive probe, the optical fiber does not electrically 
load the circuit. The fact that the polarization of the 
light cannot be preserved by an optical fiber is of 

so no consequence, since there is no need with the 
invention for polarized light. 

These and other objects, features and benefits 
of the invention will be better understood from a 
consideration of the following detailed description 

55 taken in conjunction with the accompanying draw- 
ing. 

Brief Description of the Drawing 



2 



BNSDOCID: <EP 0493906A1 J_> 



3 EPO 

FIG. 1 is a functional block diagram of optical 
probing apparatus for testing an integrated cir- 
cuit chip in accordance with an illustrative em- 
bodiment of the invention; 

FIG. 2 is a block diagram of optical probing 
apparatus in accordance with another embodi- 
ment of the invention; and 

FIG. 3 is a schematic illustration of an optical 
fiber probe tip made in accordance with one 
embodiment of the invention. 

Detailed Description 

Referring now to FIG. 1, there is shown a 
functional block diagram of a circuit for testing 
high-speed or high-frequency integrated circuits 
using optical probing for non-invasive characteriza- 
tion of a test signal in an integrated circuit device 
11. The integrated circuit device 11 illustratively 
comprises a body 12 of semiconductor material 
such as silicon and a conductor 13 for transmitting 
the test signal. The test signal is generated illustra- 
tively by a microwave synthesizer 15, which pro- 
duces a high frequency test signal that is transmit- 
ted by the conductor 13 to an oscilloscope 16. It is 
known in the art that optical probing is useful 
primarily for testing integrated circuits operating at 
frequencies above about fifty megahertz and hav- 
ing conductors with widths less than about 0.1 
millimeters. 

In accordance with the invention, the conductor 
12 is overlaid with a layer 17 of electrochromic 
material, that is, a material having an optical ab- 
sorption coefficient that changes as a function of 
applied electric field. The propagating test signal is 
sampled by using a laser 18 to produce a laser 
beam 19, which is directed through a beam splitter 
20 toward the integrated circuit device. The electric 
field accompanying the test signal propagating on 
conductor 13 modulates the optical absorption 
characteristic of electrochromic layer 17. The laser 
light is reflected back upon itself by conductor 13, 
and, as it propagates through the electrochromic 
layer in both directions, it is intensity modulated as. 
a function of the test signal. 

The reflected light is projected by the beam 
splitter 20 to a detector 21, which may be a 
photodetector which has a sufficiently high fre- 
quency response to convert the modulations of the 
incoming light to electrical intensity modulations. 
The electrical modulations are directed to a lock-in 
amplifier 25, which displays the amplitude and 
phase of the electrical signal. This display con- 
stitutes a useful characterization of the integrated 
circuit device 11 under test from which a worker 
may determine whether it is operating properly. 

The laser 18 is preferably a pulsed laser which 
is excited by a microwave frequency generated by 
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a microwave synthesizer 28. The synthesizer 28 
drives the laser to emit light as a train of short 
pulses. The frequency of these pulses is preferably 
. related to the frequency of the test signal; this can 
5 be implemented by an interconnection of synthe- 
sizers 15 and 28, as shown. Additionally, it is 
preferred that a portion of laser beam 19 be projec- 
ted by the beam splitter 20 to a detector 30 for 
ultimate use as a phase reference. The output of 
70 the detector 30 and part of the output of syn- 
thesizer 15 are directed to a mixer 31, which gen- 
erates a frequency equal to the difference of the 
pulse frequency of the laser beam 19 and the test 
signal directed through the electronic device 11. 
75 This difference frequency is then directed to lock-in 
amplifier 25 where it is used as a phase reference 
for aiding in interpreting the signal directed to the 
lock-in amplifier from detector 21. 

As with the prior art optical probing techniques 
20 described above, the apparatus of FIG. 1 has as its 
intended purpose the optical probing of semicon- 
ductor integrated circuits under circumstances 
which make conductive probing disadvantageous. 
At frequencies above fifty megahertz, the loading 
25 of such probes becomes large. Where the width of 
the conductors is less than 0.1 millimeters, reliable 
physical contact becomes difficult and the danger 
of physical damage increases. For these reasons, 
integrated circuit device 11 of the illustrative em- 
30 bodiment should be assumed as being one having 
an operating frequency in excess of fifty megahertz 
and/or one upon which conductors 13 are formed 
having widths of less than 0.5 millimeters, the 
semiconductor 12 is illustratively silicon, although 
35 other semiconductors could alternatively be used. 

The electrochromic layer 17 may be of any of 
a number of electrochromic materials such as 
those discussed in the paper, "Electrochromism for 
Organic Materials in Polymer All-Solid State Sys- 
40 terns," by Y. Hirai et al., Applied Physics Letters, 
Vol. 43, No. 7, October 1, 1983, pp. 704-705. A ten 
percent solution of Disperse Red 1 dye in pbly- 
methyl methacrylate (PMMA) may be spun onto a 
silicon wafer patterned with conductive electrodes. 
45 After spinning, a thickness of the PMMA layer on 
the order^of a few microns after hardening would 
be satisfactory. Light from a doubled mode-locked 
Nd.YLF laser at a wavelength of 0.527 microns 
may be focused at the top of a five micron wide 
so electrode conductor. The light beam may consist of 
a train of fifty picosecond wide pulses at are peti- 
tion rate of 99.8 megahertz. The electrode on the 
silicon wafer may be driven at 99.91 megahertz by 
the synthesizer 15. The beam splitter 20 may be a 
55 partially reflecting mirror that reflects fifty percent 
of the light and transmits fifty percent. The lock-in 
amplifier may be a Model 5301 A, available from 
EG&G, Princeton Applied Research of Princeton, 
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New Jersey. The synthesizers may be Model 
834 1-B synthesizers, available from the Hewlett- 
Packard Company of Palto Alto, California. Care 
should be taken to shield detector 21 from fields 
associated with the energy propagating on conduc- 
tor 13. The display by the lock-in amplifier will 
normally be sufficient for characterizing the test 
signal and thereby diagnosing and testing an in- 
tegrated circuit device 11. 

FIG* 2 illustrates another embodiment of the 
invention that works basically in the same way to 
producej, the same results as the embodiment of 
FIG. 1. The components of FIG. 2 which have the 
same structure and function as those in the em- 
bodiment of FIG. 1 are numbered with like refer- 
ence numerals. The main difference is that the 
output of the laser is directed to an optical fiber 
coupler ,34, which may, for example, be of the type 
described in the paper, "Fiber Coupling Fabrication 
with Automatic Fusion-Elongation Processes for 
Low Excess Loss and High Coupling-Ratio Accu- 
racy," Y. Yokahama et aL, Journal of Lightwave 
Technology, Vol. LT-5, No. 7, July 1987. pp. 910- 
91 5. The output of coupler 34 is an optical fiber 35, 
part of which is contained within a holder 36. 

Referring to FIG. 3. the optical fiber comprises 
a central glass core 38 surrounded by a glass 
cladding layer 39. In accordance with this aspect of 
the invention, the free end, or tip, of the optical 
fiber is coated with a layer 40 of electrochromic 
material which may be the same material as that 
used as layer 17 of FIG. 1. Referring again to FIG. 
2, the tip of the optical fiber 35 is used as a probe 
for contacting the conductor 13 to be tested. Light 
propagated by the optical fiber 35 is transmitted 
through the electrochromic material 40, reflected 
from conductor 13 back through electrochromic 40 
and thence to the optical fiber coupler 34. The 
intensity modulated laser light from the conductor 
13 is then directed by the coupler to the detector 
21 where, as before, it is converted to an electrical 
signal which is amplified and displayed by lock-in 
amplifier 25. 

The advantage of the embodiment of FIG. 2 is 
that it does not require coating of each circuit to be 
tested. Rather, the optical fiber probe having the 
electrochromic layer 40 can be used for testing 
and diagnosing a number of electronic circuits 11. 
It should be noted that applicants 1 use of an elec- 
trochromic material makes possible the use of an 
optical fiber probe since, with the invention, there is 
no need to deliver polarized light to the circuit 
being tested; on the other hand, optical fibers are 
incapable of maintaining and preserving the po- 
larization of the light required by prior art optical 
probing systems. 

It is believed that the foregoing discussion 
demonstrates the reduction in complexity due to 
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the use of the invention, which does not require 
polarized light for its implementation; that is, the 
light used may be unpolarized or it may be of 
arbitrary or unspecified polarization. It also permits 
5 the use of an optical fiber probe that can be used 
in the same manner as known conductive probes 
except that the probe doesn't electrically load the 
circuit, and the requirements for physical contact 
are not so severe because it need only be placed 

io in sufficient proximity to the conductor to permit 
electric fields accompanying the test signal to ex- 
tend through the electrochromic material. That is, 
there is no need for the optical probe to "dig into," 
and possibly damage, the conductor as is usually 

75 true of the conductive probe. 

The embodiment of FIG. 2 shows the syn- 
thesizer 28 being directly connected to mixer 31 
for providing the difference frequency to be used 
as a reference. This same kind of direct intercon- 

20 nection could be used in the embodiment of FIG. 1 
if so desired, thus eliminating the need for the 
beam splitter 20 and detector 30. In either of the 
embodiments, the dye-containing polymer may be 
"poled" to increase its sensitivity to the electrical 

25 signal, i.e., to increase the modulation depth. Pol- 
ing is discussed, for example, in the paper, "Thin 
Film Processing of Polymers for Nonlinear Optics," 
R. D. Small et al., SP/E, Vol. 682, 1986, pp. 160- 
168, and it involves subjecting a doped polymer 

30 film to a relatively high dc electric field at high 
temperature. The high temperature permits the dye 
molecule to rotate in response to the field, or be 
poled, and subsequent cooling makes the poling 
substantially permanent. This increases the non- 
35 linear optical susceptibilities of optical molecular 
dopants in the film. Methods other than spinning, 
such as spraying and dipping can be used to 
deposit the dye-containing polymer on the inte- 
grated circuit. Various other embodiments and 

40 modifications may be made by those skilled in the 
art without departing from the spirit and scope of 
the invention. 

Claims 

45 

1. A method for diagnosing a semiconductor in- 
tegrated circuit CHARACTERISED BY 

locating electrochromic material in proxim- 
ity to a conductor of the integrated circuit; 
50 causing a first high frequency electrical 

signal to be transmitted by the conductor such 
that electric fields of the signal extend into the 
electrochromic material; 

forming and projecting a laser light beam; 
55 directing at least part of the laser beam 

through at least part of the electrochromic ma- 
terial such that the material modulates the la- 
ser beam in accordance with the first electrical 

4 
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3. 



4. 



5. 



7. 



signal; 

converting the modulated laser beam to a 
second electrical signal; 

and using the second electrical signal as 
an aid in diagnosing the integrated circuit. 5 

Apparatus for testing an integrated circuit (1 1 ) 
having a conductor (13), the apparatus 
CHARACTERISED BY 

\ a member (17 or 40) of electrochromic io 
material in proximity to a conductor of the 
circuit; 

means (15) for causing a first high fre- 
quency electrical signal to propagate along the 
conductor such that electric fields thereof ex- 75 
tend into the electrochromic member; 

means (18) for generating a laser beam 

(19); 

means (20, or 34,35) for directing at least 
part of the laser beam through at least part of 20 
the electrochromic member such that the 
member modulates the laser beam in accor- 
dance with the first electrical signal; 

and a photodetector (21) for converting the 
modulated laser beam to a second electrical 25 
signal, whereby the second electrical signal 
(via 25) may be used as an aid in testing the 
integrated circuit. 

The method of claim 1 or apparatus of claim 2, 30 
CHARACTERISED IN THAT 

the laser beam comprises pulsed light of 
desired polarization, or unpolarized light. 

The method or apparatus of claim 1 , 2 or 3, 35 
CHARACTERISED IN THAT 

means (17,21) are provided for intensity 
modulating the laser beam. 

The method or apparatus of any one preceding 40 
claim, CHARACTERISED IN THAT 

the frequency of the first electrical signal is 
in excess of about fifty megahertz, and the 
width of the conductor is less than about 0.1 
millimeters. 4 $ 

The method of claim 1, 3, 4 or 5, CHARAC- 
TERISED IN THAT the electrochromic material 
is a dye in a polymer; 

and the locating step comprises the step so 
of mixing the polymer and dye in a solvent, 
depositing the mixture over the surface of at 
least one conductor of the integrated circuit, 
spinning the integrated circuit to spread the 
mixture, and then evaporating the solvent. 55 

The method or apparatus of any one preceding 
claim, CHARACTERISED IN THAT 



the electrochromic material is dye con- 
tained in a polymer; 

the polymer is coated on a first end of an 
optical fiber (35); 

the first end of the optical fiber is abutted 
against the circuit, 

and the laser beam is projected into a 
second end of the optical fiber. 

8. The method of claim 7, CHARACTERISED IN 
THAT 

light reflected from the conductor into the 
first end of the optical fiber is removed from 
the optical fiber and used to generate the 
second electrical signal. 

9. The method or apparatus of anyone preceding 
claim, CHARACTERISED IN THAT means are 
provided for changing the optical absorption 
coefficient of the electrochromic material. 

10. The method of claim 1, CHARACTERISED IN 
THAT 

the laser beam is projected as a succes- 
sion of light pulses having a predetermined 
pulse repetition rate; 

part of the unmodulated laser beam is 
converted to a third electrical signal having a 
pulse repetition rate corresponding to that of 
the laser beam; 

the first and second electrical signals hav- 
ing a predetermined frequency; 

and a difference in frequency of the sec- 
ond and third electrical signals is used as a 
reference for analyzing these second electrical 
signal. 

11. The method of claim 1 wherein: 

the electrochromic material comprises a 
polymer containing a dye; and further compris- 
ing the step of: 

electrically poling the electrochromic ma- 
terial prior to projecting the laser beam, where- 
by the electrochromic material is made to be 
more sensitive to the first high frequency elec- 
trical signal:* 

12. The method of claim 1 1 wherein: 

the poling step comprises the steps of 
heating the polymer and subjecting the elec- 
trochromic material to a relatively high static 
electrical field. 

13. The apparatus of claim 2, CHARACTERISED 
IN THAT 

the conductor comprises means for reflect- 
ing light from the optical fiber back into the 
first end of the optical fiber; 
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and further comprising means for remov- 
ing reflected light from the optical fiber to be 
directed to the photodetector. 
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